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ABSTRACT 
PreviousworkhasconcludedthatthesourcesofdioxinstotheBalticSeaaredominatedbyatmospheric
deposition. Here, we investigate whether current emission estimates can explain Baltic air levels and
deposition fluxesof four selected2,3,7,8–substitutedPCDD/F congenersusinganatmosphericmodeling
approach.TheEMEP(EuropeanMonitoringandEvaluationProgramme)databaseofemissionsfordioxins
wasused toprovide inputs to the selectedmodel (MSCE–POPmodel) andmodelpredicted levelswere
compared with measurements of dioxins in air and deposition fluxes at three monitoring stations in
Sweden. Themodelunderestimated air concentrations between a factorof 5 and 30,with the levelof
agreementdependingon congener,monitoring station and, importantly,with the compass sector from
which the contaminated airmass had arrived. Additionalmodel simulationswere undertaken inwhich
emissionswereenlarged in some selectedareas tooptimizeagreementbetweenmodelpredictionsand
measurements.Anovel emission adjustment approach isused in an attempt to identify source regions
where emissions were in error. The emission adjustment approach improved the agreement between
modelpredictionsandmeasurementsfor60%ofthemeasurementswithinafactorof3ofmodelpredicted
concentrations.However,theagreementwasstillrelativelypoorwhenairmassesoriginatedfromtheSSE
andSSW.Themodeladjustmentproceduregivesanindicationofthemagnitudeoferrorinexitingemission
estimates,butduetothepoorqualityofexistingemissiondatabasesandfewqualityairmonitoringdatait
isnotcurrentlypossibletousetheemissionadjustmentapproachtoaccuratelyidentifysourceregionsof
error.Theapproachpresentedhereispromising,however,andcouldbeappliedtoothersubstanceswhere
betteremissionandmonitoringdataareavailable.
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1.Introduction

Polychlorinated dibenzo–p–dioxins and dibenzofurans
(PCDD/Fsor“dioxins”)aretwogroupsoftricyclic,planar,aromatic
substancesunintentionallyformedincombustionprocessesandas
byproducts in various chlorinated chemical formulations (e.g.
pentachlorophenol,PCP).Dioxinsarecommonlyregardedashighly
toxic compounds,aredesignatedaspersistentorganicpollutants
(POPs), and are included in the Stockholm Convention on POPs.
Those 17 PCDD/F congeners (of the 75 PCDDs and 135 PCDFs
possible) which have a 2,3,7,8–chlorine substitution pattern are
consideredespeciallybiologicallyactiveandtoxic.Theirlong–term
toxicological effects include teratogenicity, carcinogenicity,
reproductive disturbances and lymphoid disorders (Safe, 1986).
PCDD/Fsarechemicallystableandhighlylipophilic,whichleadsto
ahighenvironmentalpersistenceandatendencytobioaccumulate
in fatty tissues. The main pathway for human exposure to
PCDDs/Fsisthroughfood,whichinsomepopulationsaccountsfor
more than90%of the totalexposure (Leeetal.,2007).Levelsof
thesecongenersinfattyfishfromtheBalticSeafrequentlyexceed
theEuropeanUnion(EU)limitsforfoodandfeed(TheCommision
oftheEuropeanCommunities,2006;Bignertetal.,2007).Reducing
PCDD/FcontaminationintheBalticSeaisthereforeapriorityissue
ofHELCOM (TheHelsinkiCommission:BalticMarineEnvironment
ProtectionCommission)(HELCOM,2007).

When emitted to air, dioxins can be transported long
distances before they are deposited (Eitzer and Hites, 1989;
Tysklindetal.,1993).Severalpreviousstudieshavesuggestedthat
atmosphericdeposition is the dominant sourceofdioxins to the
BalticSea(Vertaetal.,2007;Armitageetal.,2009;Sundqvistetal.,
2010). It isalsoworthnotingthatstudiesfocusingonother large
bodiesofwaterthat,liketheBaltic,havethepotentialtotrapand
accumulatecontaminantsbecauseoftheirlargesurfaceareasand
longwaterretentiontimes,havealsocometosimilarconclusions.
Examplesexist for theGreat Lakes inNorthAmerica (Pearsonet
al.,1997; Pearsonetal.,1998;Cohenetal.,2002).

A study by Sellstrom et al. (2009) aimed to identify the
compasssectorsfromwhich thePCDD/Fs inambientairoverthe
Baltic sea originated, using airmass back trajectory  analysis on
measurements undertaken in this region during the winter half
year (November2006 toApril2007).Airmassesoriginating from
theEuropeancontinentand the formerSovietUnion (thesouth–
southwest, south–southeast and east compass sectors)
contributed to 65% of the PCDD contamination and 75% of the
PCDF contamination over the Baltic Sea (WHO TEQ–basis, toxic
equivalentsaccordingtoWorldHealthOrganization).

ThispaperaimstotracetheoriginofdioxinsinBalticairusing
a spatially and temporally–resolved atmospheric model. The
primaryobjectiveistoinvestigatewhetherthelevelsofmeasured
concentrations in air and deposition flux samples at three
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monitoring stations in Sweden and Finland can be reproduced
using state–of–the–knowledge emission estimates. In a similar
studybyZhangetal. (2009), totalatmospheric concentrationsof
PCDD/Fs over the North American continent were reproduced
using a modified version of the CMAQ model. The factor of
agreement ranged from 1 to about 12. Over– and
underestimations were attributed to uncertainty in the official
emissionestimatesusedasmodel input. If themodelpredictions
andmeasurementsare ingoodagreement,wecanusethemodel
to determine the approximate source regions contributing to
dioxins in Baltic air, deposition and thus Baltic Sea levels. A
secondaryobjectiveof this study is to identifydeficiencies in the
emission database by determining the degree of disagreement
between model predictions and measurements when emissions
originated from different source regions.  Adjusted emission
scenarios were constructed and new model simulations were
undertaken to optimize agreement between model predictions
andmeasurements.

2.Methods

2.1.Selectedcongeners

In previous air and deposition flux monitoring campaigns
conducted by scientists from Stockholm and Umea Universities,
the17mosttoxic2,3,7,8–substitutedPCDD/Fsweremeasured.We
selectedasubsetof4congenersformodelevaluation.Oneofthe
most importantcriteria forselectingthese4congenerswasa low
inter–correlation between concentrations of each congener
measured in the monitoring data set. A low correlation is an
indicationthatthecongenersoriginatefromdistinctsourcetypes.
Air data from themonitoring site at Svartberget and Aspvreten
(Sellstrom et al., 2009; Bergknut et al., 2011) were statistically
analyzed, and the following congeners; 23478–PeCDF, OCDF,
123789–HxCDDandOCDDwereproposed.Inadditiontorelatively
lowinter–correlation,these4congenersalsohadahighdetection
frequencyandrepresentarangeofchlorinationlevel,i.e.thusalso
arangeofphysical–chemicalpropertiesandpartitioningbehavior.
Theselectedcongenersarewellrepresentativeofthefullrangeof
physical–chemical properties for the 2,3,7,8–substituted PCDD/F
congeners. For example, the range of the log octanol–water
partitioncoefficient (logKow) is6.2–8.2 (Abergetal.,2008) forall
of the2,3,7,8–substitutedPCDD/F congenersand6.8–8.2 for the
fourcongenersselectedhere(seeSupportingMaterial,SM).

2.2.TheMSCE–POPmodel

Themodelselected for thisstudywas theMSCE–POPmodel
(Malanichev et al., 2004;Gusev et al., 2005a),which is a three–
dimensionalEulerianmulti–compartmentmodeloperatingwitha
spatial resolution of 50×50km2. It includes environmental
compartments to represent the troposphere, surface soils,
seawater and vegetation as well as basic processes describing
emissions, long–range atmospheric transport, deposition flux,
degradationandgaseousexchangebetween theatmosphereand
theunderlyingsurfaces.Meteorologicaldatareportedforthetime
spanofinterestisusedasmodelinput.Thehorizontaldimensions
ofthemodeldomainareconfinedbytheEMEPgridanddescribed
byIlyinandTravnikov(2005).Figure1providesamapoftheEMEP
domain,which includes theentireEuropean continentand some
surrounding areas. A full description of theMSCE–POPmodel is
given in EMEP/MSC–E Technical Report 5/2005 (Gusev et al.,
2005a).

The model outputs used for this study are total (sums of
gaseousandparticulate)airconcentrations infgI–TEQ/m3,(I–TEQ
are toxic equivalents according toNATO/CCMS) deposition rates
(monthly sums of dry particulate deposition andwet deposition
fluxes in pgI–TEQ/m2 month) and contributions of “source
regions”(explainedfurtherinSection2.4)toannualconcentrations
anddepositionrates.The2,3,7,8–TCDDtoxicityequivalents(TEQs)
werecalculatedusingtheinternationaltoxicityequivalencyfactors
I–TEFs adopted byNATO/CCMS (1988). In order to evaluate the
contribution of an emission source region to concentrations and
depositionfluxesineachmodelgridcell,themodelcalculatesthe
transport of a pollutant from each emission source region
separately.

2.3.Modelparameterization

Thephysical–chemicalpropertyanddegradationhalf–lifedata
fortheselectedPCDD/FcongenersaredisplayedinTableS1inthe
Supporting Material. The physical–chemical property data have
been corrected to 10 °C. These physical–chemical property data
are compiled in Annex A of  EMEP/MSC–E Technical Report
5/2005,whichincludesinformationonthemethodoftemperature
correction (Gusev et al., 2005a). The MSCE–POP model uses
chemical–specific dry deposition velocities over land, sea and
forest as well as chemical–specific washout ratios for particle–
bound scavenging by precipitation (also described inAnnexA of
thereportbyGusevetal.,2005a).

TheMSCE–POPmodelalsorequiresenvironmentalinputdata
onsoilandvegetationproperties,watercurrents,meteorologyetc.
Theenvironmentaldata setswere thedefaultvaluesused in the
MSCE–POPmodel. Themodel uses realmeteorological data for
parameterizing atmospheric transport. The details of the
environmental inputs and meteorological parameterization are
described in theEMEP/MSC–ETechnicalReport5/2005 (Gusevet
al.,2005a).

Toaccount for long–termaccumulation in theenvironmental
media and for PCDD/F advecting into the EMEP region from
backgroundair,ahemisphericmodel(Gusevetal.,2005b)wasrun
for theperiod1970–2007. LevelsofPCDDs/Fsadvecting into the
EMEP regionwere estimated using all emission sources for the
Northern Hemisphere except for thosewithin the EMEP grid as
model input. The PCDD/F emissions in the Asian part of Russia
were estimated using numbers for the European part of the
countryanddataonpopulationdensity.ThePCDD/Femissionsof
Tajikistan, Turkmenistan and Uzbekistan were taken from the
unofficial inventory of PCDD/F emissions in the Central Asian
countriesmadeintheframeworkoftheglobalInternationalPOPs
Elimination Project (IPEP) (Hodjamberdiev, 2006). The latest
available information on PCDD/F emission in theUSAwas taken
fromthedioxinandfuran inventoriespreparedbyUNEPfor1995
(UNEP,1999).ThespatialdistributionofPCDD/Femissions in the
Central Asian countries and the Asian part of Russia was
constructedonthebasisofdataonpopulationdensity(Li,1996).

2.4.Emissiondatausedformodelsimulations

The official emission data reported by EMEP countries as I–
TEQs to the United Nations Economic Commission for Europe
(UNECE) (EMEP)were used asmodel input in the base emission
scenario.Theemissiondataweredividedintodifferentcategories,
named “source regions”. All source regions comprised a
country/region or a group of countries. National emissions
considered likely toaffectdioxindeposition fluxesover theBaltic
Sea (Belarus,Denmark,Estonia,Finland,France,Germany,Latvia,
Lithuania, Norway, Poland, and Sweden) were assigned to
individual source regions. TheRussian Federationwas treated as
twosourceregions–thenorth–westernpart(RussianNorthWest)
and the remaining part. The final three source regionswere the
BlackTriangleregion(theareainproximitytowherethebordersof
Poland,GermanyandtheCzechRepublicintersect),therestofthe
EuropeancountriesaltogetherandshippingemissionsintheBaltic
Searegion.Thelasttwo“sourceregions”aretheonlytwothatare
notconcentratedinonegeographicalarea.

Some countries reported a spatial distribution of PCDD/F
emissions, whereas others did not. In cases where spatial
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emissions were not reported, estimates of spatial emission
distribution were made following guidelines made by the
Netherlands Organization for Applied Scientific Research (TNO)
(Denier van der Gon et al., 2005). In order to obtain data for
specific PCDD/F congeners, estimates of congener profiles in
European emissions produced in the POPCYCLING–Baltic project
(Pacynaetal.,2003)wereapplied.ExpertestimatesmadebyTNO
(Denier vanderGon et al., 2005)were applied if therewere no
officially reporteddata foraspecific regionandyear. Inaddition,
emission data for the north–western part of the Russian
Federation were updated using official information on
Benzo[a]pyrene (B[a]P) emissions in this region and regression
relationshipsbetweenB[a]PandPCDD/Femissionsobtainedusing
data from the Russian Federation (national totals) and from the
Ukraine (R2ш0.65). Shipping emissions (including their spatial
distribution)wereproducedusingavailabledataonNOxemissions
(Bartnickietal.,2009)and thedata from theEMEP/EEAemission
inventory guidebook (EMEP/EEA, 2009). Seasonal variations of
PCDD/F emissions were constructed based on the available
measurements (Vikelsoe et al., 2005; Umlauf et al., 2010) and
variationsofotherpollutants,particularlyB[a]P(Ilyinetal.,2010),
whichareemittedbyasimilargroupofemissionsources.

From examination of the reported EMEP emissions, it is
evident that data for some regions and sectors are missing
(Table1). It is, for example, clear that the contributions of the
transportsectortotheemissionsofPCDD/Fs inLatviaandPoland
are not taken into account. In Poland, waste incineration is a
significant source of PCDD/Fs whereas in other countries the
contribution of this sector is minimal or absent. The range of
contributions from industrialprocesses israther largeand for the
Russian Federation no official information on emission sectors is
available.Themajoruncertainties inemissionestimationaredue
to infrequent testing and an inherent high variability in the
emissions(Cohenetal.,2002).Thevariabilityatasingleplantcan
beofanorderofmagnitudebetweendifferent samplingperiods
(Parma et al., 1995). Becausemany of the sources are notwell
characterized there is a great uncertainty associated with the
congenercompositionoftheemissions.

2.5.Monitoringdataforcomparisonwithmodelpredictions

Air concentrations (annualaverages,monthlyaverages,daily
averages,hererecalculatedinfgI–TEQ/m3)havebeenmeasuredat
twowell established atmosphericmonitoring stations:Aspvreten
(58°80ƍN, 17°40ƍE) and Pallas (68°00ƍN, 24°14ƍE) (Sellstrom et al.,
2009).TheAspvretenmonitoringstationissituatedinaruralarea
southofStockholm.This siteprovides informationonairmasses
impacting the southern and central parts of the Baltic Sea. The
PallasmonitoringstationissituatedinaremoteareaintheFinnish
Arctic. Results from this site represent airmasses impacting the
northern part of the Baltic Sea. Deposition data were obtained
from a study conducted at Svartberget (64°14ƍN, 19°46ƍE)
monitoring station (Bergknut et al., 2011),which is situated in a
ruralborealareaapprox.70kmfromUmeainnorthernSweden.
2.6.Generatingadjustedemissionscenarios

Using the base scenario,we could determine the degree of
disagreement between model predictions and measurements
when the air arrived to the monitoring sites from different
compasssectors. Inconstructing theadjustedemissionscenarios,
weattemptedto identifydeficiencies intheemissiondatabaseby
determining the degree of disagreement when emissions
originated from different source groups. Two new emission
scenarioswereconstructedbyupwardadjustmentof total I–TEQ
emissions in selected source regions suspected to have
underestimated reported emissions as well as adjustment of
congenercompositioninallsourceregions.Anattempttoidentify
source regions likely togive rise tounderestimationofemissions
and thusmodeled levels in theBaltic regionwasundertaken by
making statistical correlations (Kcorr) (see the SM, TableS2)
betweenthecontributionsoftheconsideredsourceregiontothe
average air concentrations at the Aspvretenmonitoring station,
andthe“calculationdeficiency”.Thecalculationdeficienciesarea
measureofthemodelerrorandarecalculatedbysubtractingthe
modeled concentration from the measured concentration (fgI–
TEQ/m3).A comparisonbetween calculationdeficiencies and the
contributions fromPolandand the “BlackTriangle” for2,3,4,7,8–
PeCDFisshowninFigureS1(seetheSM).Acorrelationcoefficient
(Kcorr) close to one implies a strong correlation, i.e. that upward
adjustment of the source region’s emissions has a significant
impactona calculationdeficiency.Thus, inorder to improve the
agreementbetweenmodeledandmeasuredvalues,theemissions
of source regions that inhabit high correlation coefficients (Kcorr)
combinedwithlargecontributionstooverallconcentrationsatthe
monitoringstations(Fract,%)canbeincreasedintheconstruction
ofadjustedemissionscenarios.

This statistical correlation approach failed to unequivocally
identifydeficitsintheemissiondatabase,reflectingthecomplexity
ofdioxinemissions.Polandissomewhatofanexceptionbecauseit
wasidentifiedastheonlyregionwithhighcorrelationcoefficients
(Kcorr,seetheSM,TableS2)aswellaslargecontributions(Fract,%)
to the monitoring stations. This finding is also consistent with
Sellstrom et al. (2009) who showed that air masses originating
from the European continent and the former Soviet Union
contributed to 65% of the PCDD contamination and 75% of the
PCDFcontaminationovertheBalticSea.

Further regions were also identified as contributing to the
“model deficiencies” in the first default scenario from
consideration of Kcorr and Fract in TableS2, namely; the “Black
Triangle”,Germany,andFrance.Thesesourceregionswerechosen
basedonthefactthattheyhavecorrelations(Kcorr)>0.2fortwoof
theselectedcongeners.Theseregionsdonotnecessarilyhavehigh
contributions (Fract, %) for those congeners showing relatively
high correlations, but they have relatively high contributions
(around3%)foratleastonecongener.


Table1.ThecontributionofmainemissionsectorstoemissionsofPCDD/FsinthecountriessurroundingtheBalticSeaasreportedtoUNECE
 Contributions(%)
DK EE FI DE LV LT NO PL SE RF
CombustioninPowerPlantsandIndustry 8 47 36 8 42 13 13 10 72 –
Transport 1 2 19 4 0 2 14 0 2 –
Commercial,ResidentialandOther
StationaryCombustion 67 50 8 28 47 85 39 45 8 –
IndustrialProcesses 25 0 35 57 2 0 17 3 16 –
Agriculture 0 0 0 0 8 0 7 0 0 –
Wasteincineration 0 2 1 0 0 0 9 41 3 –
DK–Denmark,EE–Estonia,FI–Finland,DE–Germany,LV–Latvia,NO–Norway,PL–Poland,SE–Sweden,RF–theRussianFederation

 
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From TableS2 (see the SM), it could also be observed that
differentsourceregionsareimportantfordifferentcongeners(e.g.
FinlandforHxCDDandshippingforPeCDF),butnosourceregionis
consistently important for all four congeners. This may be
indicativeofdifferentemissionsectorsbeingimportantindifferent
regions(Table1).

In spiteof thedifficulty in identifying specific source regions
where emissions were underestimated, we proceeded to make
someadjustmentsforasecondandthirdemissionscenariobased
on the above analysis combinedwithexpert judgment (note the
firstemissionscenariouses thereportedEMEPemissions in their
unadjusted form). The two adjusted emission scenarios
(designated secondand third)wereconstructedbymultiplication
of the emission data reported by the EMEP countrieswith two
types of coefficients. The source region–specific coefficients
represent emission inventory errors related to emission totals
reported for the different source regions. The congener–specific
coefficients represent emission inventory errors related to
emissioncongenercomposition.Coefficientsforthetwoscenarios
aredisplayedinTable2.

Thesecondscenario increasesemissionsonly forPolandand
theRussianNorthWestbyafactoroftwo(Table2)relativetothe
first (default) scenario. The factor of two increase in emission
estimates seems arbitrary, but was selected by systematically
varying the emissions upwards in these two source regions by
different factors until the best fit with measured data was
achieved.Asmentioned,Polandwasidentifiedfromthestatistical
correlation tobe a regionwhichmayunder–reported emissions,
however, the Russian NorthWest was not identified from the
statistical correlation approach, which failed to provide strong
evidence of under–prediction for all other source regions. We
motivateourdecision to increase theemissions inRussianNorth
West in the second emission scenario based on evidence from
Sellstrom that this region strongly contributes to PCDD/F air
pollution over the Baltic and knowledge that emissions in this
regionarepoorlyreported(seeTable1andassociateddiscussion).

In the third scenario,emissions forPoland,France,Germany
andthe“BlackTriangle”were increasedbyafactorof10relative
to the first scenario. The adjustment factors (Table2) in some
regionsmaybeartificiallyhigh;anunderreportingofemissionsby
a factor of 10 in France andGermany is unlikely.However, as a
good fitwas found forallcompasssectors inthesecondscenario
except for SSE and SSW, the main purpose of the model
experiment performed in the third scenario was to attempt to
reducethedeficienciesforthesetworemainingcompasssectors.

Congener–specific coefficients for the two scenarios were
chosenaftercomparisonofthecongenercompositionofreported
emissions with the congener profiles of air concentrations
measured at Aspvreten. In addition, congener patterns obtained
frommeasurementsatthreesitesneartheGreatLakes(Venieret
al.,2009)werealsoconsidered (see theSM,TableS3).Given the
similar congenerpatternsobserved inairmonitoring stations for
PCDD/Fs, we believe that the congener pattern measured in
background air in the Baltic should roughly correspond to the
congener pattern in source regions in Europe. The fraction of
congener 2,3,4,7,8–PeCDF in the emission inventory used for
calculations approximately corresponds to its fraction in the
measured air concentrations. The fractions of the remaining
congenersarelowerintheemissionestimatesusedasinputinthe
first emission scenario than in themeasured air concentrations.
The fractionsof these congeners in theemissionestimateswere
therefore adjusted upwards for the second and third emission
scenariostomatchthefractionsobservedinairconcentrations.

3.ResultsandDiscussion

3.1.Firstemissionscenario

According to themodeling results, the central, eastern and
southernpartsof Europehave themaximum airdioxinpollution
levels. Figure1displays spatialdistributionsof air concentrations
of the four selected congeners. The distribution in air concenͲ
trations is similar as for the emission distribution (which is not
included inFigure1).The levelsofdioxins inWesternEuropeare
considerably lower, and northern Europe is relatively uncontaͲ
minated.Annualaveragesofmodeledairconcentrationsoverthe
Baltic area range from 0.2 to 2fgI–TEQ/m3 for 2,3,4,7,8–PeCDF,
0.01–0.1fgI–TEQ/m3 for 1,2,3,7,8,9–HxCDF, 0.001–0.01fgI–
TEQ/m3forOCDDand0.0005–0.005fgI–TEQ/m3forOCDF.

Forthefirst(default)emissionscenario,whichusestheofficial
emission data reported by EMEP countries, the comparison of
modelingresultsand fielddatashowssignificantunderestimation
of calculated air concentrations by about a factor of 5 for
2,3,4,7,8–PeCDF (Figure2), a factor of 10 for 1,2,3,7,8,9–HxCDD
(seetheSM,FigureS3),afactorof20–30forOCDD(FigureS4),and
a factor of 15–20 forOCDF (FigureS5). The agreement between
calculationsandmeasurementsstronglydependson thecompass
sectors from which air masses have arrived (FigureS2). The
agreement isparticularlypoor for the south southeast (SSE) and
southsouthwest(SSW)compasssectors.

A comparison of the monthly sums of dry particulate
deposition and wet deposition fluxes reported from the
Svartbergetsitetocorrespondingfirstscenariomodelestimatesis
displayedinFigure3andFigureS14(seetheSM).Thecomparison
showed that,while themeasured levelswereunderestimated to
an extent thatwas similar to the air concentrations, themodel
capturestheobservedseasonalvariationsofdepositionfluxes.The
factthatthemodel isfairlyaccuratelycalculatingtherelationship
betweenair levelsanddeposition fluxessuggests thatdeposition
ofPCDD/Fsappearstobecorrectlymodeled.Presumably,particle
boundphasescavengingbyrainisparticularlywelldescribed.This
is the dominant removal mechanism for pollutants such as
PCDDs/Fs, which are associated mainly with particles in the
atmosphere.

Table2.Coefficientsforadjustmentsofemissioninputdataforthesecondandthethirdemissionscenarios.
PL–Poland,DEͲGermany,FR–France,BT–BlackTriangleregion,RW–RussianWest
Scenario Congener CongenerͲspecificcoefficient
SourceͲspecificcoefficientsa
PL DE FR BT RW
Second
2,3,4,7,8ͲPeCDF 1.5
2 1 1 1 21,2,3,7,8,9ͲHxCDF 3
OCDD 6
OCDF 5
Third
2,3,4,7,8ͲPeCDF 1.5
10 10 10 10 21,2,3,7,8,9ͲHxCDF 3
OCDD 5
OCDF 5
aTheremainingsourceregions’coefficientsareequalto1
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 
 2,3,4,7,8ͲPeCDF 1,2,3,7,8,9ͲHxCDD

 OCDD OCDF
Figure1.Spatialdistributionsofannualaveragesofairconcentrationsforthefourselectedcongenersfor2006,fgIͲTEQ/m3forthefirstscenario.

(a)

(b)

Figure2.(a)Comparisonofvaluesof2,3,4,7,8ͲPeCDF(IͲTEQ)calculatedusingthefirstscenariowithairconcentrationsobservedatAspvretenandPallas
for2006and2007infgIͲTEQ/m3and(b)unitlessmeasuredͲtoͲmodeledconcentrationratios.InbothfiguresthexͲaxisdisplaysthecompasssectorfrom
whichairmassesoriginatedoneachsamplingevent.ThecompasssectorsaredefinedaccordingtoSellstrometal.,(2009);seeFigureS2intheSM.The
verticallineinthefiguresmarksthedivisionofvaluesbasedonmeasurementsconductedinAspvretenandinPallas.Theboldhorizontallinein(b)
intersectingthexͲaxisat1.0indicatesperfectagreementbetweenmeasuredandmodeledairconcentrations.
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(a)
(b)
(c)
Figure 3. Comparison of calculated values of direct deposition flux with
measurementsatSvartbergetforthefirstscenario,(a)–1,2,3,7,8,9ͲHxCDD,
(b)–OCDD,(̭)–OCDF.Pleaseobservethatthescalesformodelpredictions
andmeasurementsaredifferent.

AccordingtoasensitivitystudyperformedontheMSCE–POP
modelusingPCB–153, theuncertainty inphysical–chemical input
parameters can give rise to 20% uncertainty in model output
(Shatalov et al., 2005). In a model intercomparison study, air
concentrationsproducedusingtheMSCE–POPmodelagreedwith
a precision of 50% with concentrations produced using other
models (Shatalov et al., 2005). For PCB–153 the log Kow is 6.9
(Schenker et al., 2005) and the atmospheric degradation rate is
3x10–71/s (global and seasonal average extrapolated from
AndersonandHites(1996)).Therangesofthesepropertiesusedas
model input in the present study are 6.8–8.2 and 2.7x10–9 –
6x10–71/srespectively.Evidently,theatmosphericfatesofdioxins
and of PCB–153 are not governed by the exact same properties
andamodel comparisonwillgivedifferent resultsdependingon
thechemicaland the scenario studied.Hence, theanalogy isnot
ideal. However, it indicates that the model error is small and
cannot solely account for the discrepancies between
measurementsandmodelpredictions.Theprobablecauseof the
discrepancyisthereforeunderestimationoftheemissionsusedas
model input (Harrad and Jones, 1992;Wintermeyer and Rotard,
1994;BakerandHites,2000;Cohenetal.,2002).However,thereis
of course a risk that adjusting emissions up in the following
emission scenariosmight compensate formodel errors that are
notrelatedtoerrorsinemissionestimation.

Estimates of the various regions’ contributions to annual
deposition fluxesto individualBalticSeasub–basinsaredisplayed
in Figure4 and FiguresS15–S17 (see the, SM). The estimates
displayed in Figure4and in FigureS15–S17wereproducedusing
thefirstemissionscenario.Theresultsindicatethatmanydifferent
countries–not mainly only the most adjacent ones–are
contributingtoPCDD/FpollutionoftheBalticSea.

3.2.Adjustedemissionscenarios

The second emission scenario improves the agreement
between calculation results and field data for almost all
measurementsexcept forthosecorrespondingtothedateswhen
airmasses came from SSE and SSW.About 60%of themodeled
2,3,4,7,8–PeCDFconcentrationsagreewithmeasurementswithina
factor of three. All of the modeled concentrations agree with
measurementswithinafactoroften.Modelpredictionswerenot
asgood for1,2,3,7,8,9–HxCDD andOCDFwithat leastonepoint
that disagreed with measurements more than a factor of 10.
Furthermore, the second emission scenario leads to
underestimationofOCDD for the southwest (SW)andnorthwest
(NW) compass sectors and to overestimation for the east (E)
compasssector.Comparisonsofmeasureddatawithmodelresults
obtained using the second emission scenario are displayed in
FiguresS6–S9andcomparisonsofthethirdscenariomodeloutput
withfielddataaredisplayedinFiguresS10–S13(seetheSM).

The application of the third emission scenario leads to an
improvementbya factorof0.5–4.5 in theagreementbetween
measuredandmodeledair concentrations corresponding todays
whenairmasses came from theSSEand theSSW.However, the
disagreement between measurements and calculations for air
coming from other compass sectors is larger than in the second
scenario and can reach as much as 10times or more. Thus,
adjustingemissionsup inregionsother than theones included in
the second scenario made the agreement between model
predictionsandmeasurementsbetterinSSEandSSW,butworsein
othercompasssectors.

It should be noted that these adjustments are only two
examples ofmany possible upward adjustmentswhich could be
made to the emission inventory and result in an improved
agreementbetweenmodelpredictionsandmeasurements.Evenif
an improved agreement is observed as a result of the upward
adjustments, this does not necessarily imply that emissions in
thesesourceregionsareunderreported.Inafuturework,itwould
beimportanttoimprovetheemissionadjustmentprocedure.This
canonlybeachievedthroughacombinationofimprovedemission
inventories and a higher qualitymonitoring data from different
sites around the Baltic region. We believe that given enough
quality input data, the approach presented here can be used to
identify contributors to emission inventory uncertainty and to
BalticSeaairpollutionwithhigheraccuracy.


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Figure4.Contributionsofvarioussourcegroupstothedepositionfluxof2,3,4,7,8ͲPeCDFtothesubͲbasinsoftheBalticSeacalculatedusingthefirst
scenario.DK–Denmark,EE–Estonia,FI–Finland,DE–Germany,LV–Latvia,PL–Poland,SE–Sweden,RU–theEasternpartoftheRussianFederation,RW
ͲthenorthͲwesternpartoftheRussianFederation,OTͲtherestoftheEuropeancountriesaltogether,SHͲemissionsfromshippingwithintheBalticSea.

The statisticalcorrelation,carriedout to investigatehow the
contributions of various source regions to Baltic air levels
correlated to calculation deficiencies (see the SM, TableS2),
demonstrated that different source regions are important for
different congeners (e.g. Finland for HxCDD and shipping for
PeCDF),butnosourceregion isconsistently importantforallfour
congeners.Thismaybeindicativeofdifferentsourcesectorsbeing
importantindifferentregionsbutalsothatdifferentcountriesare
focusing their monitoring on different source sectors. A more
sophisticated emission adjustment procedure would adjust
emissionsfromdifferentregionsonacongenerspecificbasisfora
widerrangeofcongeners.

4.Conclusions

This work demonstrates that there is currently a poor
quantitativeunderstandingofdioxinemissionscontributingtothe
Baltic region.Besides, there is a lackofPCDD/Fmonitoringdata
particularly reporting congener composition of PCDD/Fs in the
atmosphereandprecipitation.Boththesefactorshamperaccurate
tracingofemissionsusingmodellingtools.Basedontheevidence
that levels of dioxins in fatty fish are still above European
guidelines for food and feed, and that atmosphericdeposition is
themain source of dioxins to the Baltic Sea as awhole, further
reductionsofemissionsofdioxins toairarenecessary.Tobetter
monitoremission reductions,an improved reportingofEuropean
airemissionsofdioxinsisrequired.Animproveddeterminationof
whichemissionsectorsareresponsiblefortheEuropeanemissions
ofPCDD/Fsiscrucialifinformedregulatoryactionistobetaken.

The modeling tool and emission adjustment approach
presented here can potentially be used to identify the source
regionsforwhichtheemissionestimatesarehighlyerroneous.The
approach demonstrated that an adjusted congener composition
andemissionselevatedbya factorof two in two source regions,
gaveimprovedagreementwhenairmassesoriginatedfromalmost
all compass sectors. However, increasing the emissions with a
factor of 10 in several source regions, did not improve the
agreement betweenmodel predictions andmeasurements. This
indicatestheapproximatemagnitudetowhichEuropeanemission
estimatesareinerror,whichisvaluableinformation.

We recommend that themodelingapproachpresentedhere
be further used to make informed management decisions for
reducing loadingsofdioxinsandotherPOPs to theBalticSea.As
current emission inventories are deficient for some POPs (e.g.
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dioxins)werecommendusingothercomplementaryapproachesto
determine the spatial pattern in European POP emissions. One
approach would be monitoring air levels of POPs spatially and
temporally using a passive air sampling network. As there is a
strong correlation in the model between emissions and air
concentrationsthiscouldproveareliableapproachfor identifying
the dioxin hotspots and underestimations in the dioxin emission
inventory.

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